Background and objective: Limb muscle weakness is associated with difficult weaning. However, there are limited data on extubation failure. The objective of this cohort study was to evaluate the association between limb muscle weakness according to the Medical Research Council (MRC) scale and extubation failure rates among patients in a medical intensive care unit (ICU). Methods: All consecutive medical ICU patients who were mechanically ventilated for more than 24 h and who were weaned according to protocol were prospectively registered, and limb muscle weakness was assessed using the MRC scale on the day of planned extubation. Association of limb muscle weakness with extubation failure within 48 h following planned extubation was evaluated with logistic regression analysis. Results: Over the study period, 377 consecutive patients underwent planned extubation through a standardized weaning process. Extubation failure occurred in 106 (28.1%) patients. Median scores on the MRC scale for four limbs were lower in patients with extubation failure (14, interquartile range (IQR) 12-16) than in patients without extubation failure (16, IQR 12-18; P = 0.024). In addition, extubation failure rates decreased significantly with increasing quartiles of MRC scores (P for trend <0.001). In multivariable analysis, MRC scores ≤10 points were independently associated with extubation failure within 48 h (adjusted OR 2.131, 95% CI: 1.071-4.240, P = 0.031). Conclusion: Limb muscle weakness assessed on the day of extubation was found to be independently associated with higher extubation failure rates within 48 h following planned extubation in medical patients.
INTRODUCTION
Liberation from mechanical ventilation (MV) runs a complex course via daily screening for readiness through a spontaneous breathing trial (SBT) and extubation. 1 Despite patients having successfully passed the SBT with numerous weaning predictors and a specific protocol-based weaning programme, research reports extubation failures ranging from 8 to 23% within 48-72 h following planned extubation. [2] [3] [4] [5] [6] [7] [8] Reintubation after planned extubation is among a series of downhill events for patients in intensive care units (ICU) and is associated with increases in pneumonia incidence, lengths of ICU and hospital stays and mortality rates. [2] [3] [4] [5] [6] 9 Many risk factors for extubation failure have been reported, but their relative importance is less well described. 10 ICU-acquired weakness (ICU-AW) is a complication involving myopathy and neuropathy in critically ill patients, which frequently occurs in >50% of
SUMMARY AT A GLANCE
Limb muscle weakness, as assessed by the Medical Research Council scale on the day of planned extubation, was found to be independently associated with a higher extubation failure rate following planned extubation among patients in a medical intensive care unit (ICU) with a protocol-based weaning programme. mechanically ventilated patients. [11] [12] [13] Furthermore, muscle weakness is generalized, symmetrical and affects both limb and respiratory skeletal muscles, 14 which leads to prolonged MV. [15] [16] [17] [18] [19] Therefore, factors associated with ICU-AW could be meaningful predictors of the risk of extubation failure. There are many diagnostic methods for ICU-AW, such as manual muscle testing (MMT), electromyography (EMG), nerve conduction study (NCS), muscle ultrasound, muscle biopsy and nerve biopsy. [20] [21] [22] Of these methods, MMT assessed by the Medical Research Council (MRC) scale has many potential benefits, such as being easy to administer, requiring minimal expertise, having direct functional significance and being inexpensive. [21] [22] [23] While a few existing reports evaluate associations between limb muscle power scores on the MRC scale and weaning difficulties, 15, 16 there are limited data on extubation failure and reintubation.
Therefore, the aim of this cohort study was to evaluate the association of limb muscle weakness assessed by the MRC scale on the day of planned extubation with extubation failure and reintubation rates among patients in a medical ICU with a protocol-based weaning programme. Our hypothesis was that limb muscle weakness might contribute to an increase in extubation failure and reintubation rates after planned extubation.
METHODS
We conducted a retrospective cohort study at Samsung Medical Center (a 1979-bed tertiary referral hospital Figure 1 Flow chart of patient selection from the overall cohort for analysis.
† Of these 258 patients who had no extubation failure within 48 h and did not undergo reintubation within 7 days after planned extubation, reintubation within 7 days was actually needed in five patients due to progressive respiratory distress. However, patients and their families and attending physicians agreed to a donot-intubation decision.
* Of 36 patients who had extubation failure within 48 h and did not undergo reintubation within 7 days after planned extubation, two patients needed reintubation within 7 days due to progressive respiratory distress. However, patients, their families and attending physicians agreed to a do-not-intubation decision. MICU, medical intensive care unit; NIV, non-invasive ventilation; SBT, spontaneous breathing trial.
with tertiary-level ICU) in Seoul, South Korea. All patients consecutively admitted to the medical ICU and requiring MV for more than 24 h were prospectively registered between January 2012 and December 2013. For this study, we selected patients who underwent an SBT for weaning from MV according to the standardized protocol 7, 8 and who had been intubated without unplanned extubation or tracheostomy (Fig. 1) . The institutional review board of the Samsung Medical Center approved this study and waived the requirement for informed consent as we used only deidentified data prospectively collected as part of clinical practice.
Since 2010, the medical ICU of our hospital has utilized a specific protocol-based weaning programme according to the recommendations by Boles et al.
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Details of the weaning programme are provided in Appendix S1 (Supplementary Information). 7, 8 In short, respiratory care registered nurse practitioners screened patients daily for weaning readiness and conducted SBTs according to the protocol. When a patient passed the SBT, extubation proceeded. If a patient failed the SBT, then MV was resumed, and the team reviewed possible reversible aetiologies for the failure. Again, when a patient proved ready for weaning, the SBT was repeated the following day. Extubation failure was defined as any of following within 48 h after planned extubation: (i) respiratory rate > 25/min for 2 h, (ii) heart rate > 140/min or sustained increase or decrease of >20% for 2 h, (iii) hypoxia (SaO 2 < 90% or PaO 2 < 80 mm Hg on FiO 2 ≥ 50%) or (iv) hypercapnia (PaCO 2 > 45 mm Hg or ≥20% from pre-extubation or pH < 7.33). 1, 7, 8 During the study period, the volitional muscle strength of these patients was assessed daily by bedside nurses. The bedside nurses assessed muscle strength according to the MRC muscle scale for four joints, including both of the elbows and knees of patients. The MRC scale is a categorical scale measuring the entire range of muscle strength with scores as follows: 0, no contraction; 1, flicker or trace contraction; 2, active movement with gravity eliminated; 3, active movement against gravity; 4, active movement against gravity and resistance; and 5, normal power. 23 We extracted the motor score of patients as the sum of MRC scores for both of the elbows and knees of patients from 0 through 20 points on the day of planned extubation. 
Data are presented as number (%) or median (interquartile range). † Ventilator failure includes acute exacerbations of chronic obstructive pulmonary disease, bronchial asthma and bronchiectasis. ARDS, acute respiratory distress syndrome; CPR, cardiopulmonary resuscitation; ICU, intensive care unit; ILD, interstitial lung disease; SAPS, simplified acute physiology score; SOFA, sequential organ failure assessment.
Statistical analysis
The data are presented as medians and interquartile ranges (IQR) for continuous variables and as numbers and percentages for categorical variables. The data were compared using Mann-Whitney U tests for continuous variables and Pearson's χ 2 tests or Fisher's exact tests for categorical variables. We used logistic regression analysis to adjust for potential confounding factors in the association between patient motor score and extubation failure following planned extubation.
Patient motor score was itself evaluated as a continuous variable and a dichotomous variable with a cut-off point of ≤10 points based on the best cut-off point, which showed the highest Youden index ((sensitivity + specificity) − 1). 24 Variables with a P value less than 0.2 on univariate analyses, 25 as well as a priori variables that were clinically relevant, were entered into the forward stepwise multiple logistic regression model. Data are presented as odds ratios (ORs) with 95% CI. All the tests were two-tailed, and a P value of <0.05 was Data are presented as number (%) or median (interquartile range). † Motor score was calculated by the sum of the MRC scores for both of the elbows and knees of patients. In theory, possible MRC scores range from 0 through 20 points.
CAM-ICU, confusion assessment method for the intensive care unit; FiO 2 , inspired fraction of oxygen; MRC, Medical Research Council; NIP, negative inspiratory pressure; PaCO 2 , arterial carbon dioxide tension; PaO 2 , arterial oxygen tension; RASS, Richmond agitation-sedation scale; RSBI, rapid shallow breathing index; SBP, systolic blood pressure; SBT, spontaneous breathing trial; SOFA, sequential organ failure assessment. considered significant. The data were analysed using PASW Statistics 18 (SPSS Inc., Chicago, IL, USA).
RESULTS
Baseline characteristics and clinical outcomes according to extubation failure within 48 h following planned extubation During the study period, 377 consecutive patients underwent planned extubation through the standardized weaning process in the medical ICU (Fig. 1) . The median age was 65 years, and 68.2% of patients were male. The most common comorbidity was malignant disease (58.6%), and the most common cause of respiratory failure was pneumonia (31.6%), followed by extrapulmonary sepsis (24.9%) and pulmonary oedema (9.8%).
Comparisons of baseline characteristics according to extubation failure are presented in Table 1 .
Extubation failure occurred in 106 (28.1%) patients because of tachypnoea (n = 89), hypoxia (n = 80), tachycardia or bradycardia (n = 34) or hypercapnia (n = 23). Various methods of respiratory support were needed as follows: high-flow nasal cannula in 52 (49.0%) patients, immediate reintubation in 32 (30.2%) patients and non-invasive ventilation in 22 (20.8%) patients. Of 106 patients with extubation failure, 58 (54.7%) patients underwent reintubation within 48 h after planned extubation. In addition, 83 patients, including 13 patients without extubation failure within 48 h, underwent reintubation within 7 days after planned extubation.
Patients with extubation failure had greater respiratory disease and less genitourinary disease as the underlying disease, longer interval between hospital admission and ICU admission and pneumonia more commonly and less pulmonary oedema as the cause of respiratory failure than those without extubation failure. Other comparisons of baseline characteristics according to reintubation within 48 h or 7 days after planned extubation are presented in Table S1 (Supplementary Information).
Patient characteristics on the day of planned extubation are shown in Table 2 . For each patient, the first SBT was attempted on the median third day (IQR, 2-5 days) following initial intubation. Sixty-seven (16.7%) patients did not pass the first SBT, and accordingly, planned extubation was conducted on the median fourth day (IQR, 3-7 days) following intubation. Motor scores were lower in patients with extubation failure (median 14 points, IQR 12-16 points) than in those without extubation failure (median 16 points, IQR 12-18 points; P = 0.024). In particular, extubation failure rates decreased significantly with increasing quartiles of motor scores (P for trend <0.001) (Fig. 2) . This trend was also observed in the reintubation rate within 48 h or 7 days after planned extubation (Fig. 2) . Positive fluid balance on the day of extubation was more common in patients with extubation failure (57.5%) than in those without extubation failure (45.8%, P = 0.040). In contrast, organ failure scores, laboratory findings, amount of endotracheal secretion and delirium assessed by the confusion assessment method for the ICU (CAM-ICU) were not different between the two groups.
At the beginning of the final SBT, patients with extubation failure had a higher heart rate, respiratory rate and rapid shallow breathing index and lower PaO 2 / FiO 2 than those without extubation failure. At the end of the final SBT, patients with extubation failure showed a higher heart rate and respiratory rate and lower PaO 2 /FiO 2 than those without extubation failure. Other comparisons of patient characteristics according to reintubation within 48 h or 7 days after planned extubation are presented in Table S2 (Supplementary  Information) .
Finally, patients with extubation failure showed poorer clinical outcomes as indicated by higher tracheostomy rates, lower successful weaning, more difficult or prolonged weaning classification and higher mortality rates in the ICU and hospital than patients without extubation failure (Table 3) . These trends were also observed between patients with or without reintubation within 48 h or 7 days after planned extubation (Table S3 , Supplementary Information).
Association between motor scores in four limbs and extubation failure and reintubation following planned extubation
The crude and adjusted OR of motor scores for extubation failure and reintubation are summarized in Table 4 . The best cut-off point of the MRC score, which showed the highest Youden index, was the same as others (10.5 points) for discriminating patients with extubation failure within 48 h and reintubation within 48 h and at 7 days. In the adjusted model, patient motor score was independently associated with extubation failure (adjusted OR 0.918, 95% CI: 0.852-0.989, P = 0.025 for motor score increases of one point; adjusted OR 2.131, 95% CI: 1.071-4.240, P = 0.031 for motor scores of ≤10 points). In addition, patient motor Figure 2 Rates of extubation failure and reintubation and number of patients according to motor power score. Extubation failure rates within 48 h were 87.5% (7/8) 
DISCUSSION
We evaluated the associations between limb muscle weakness assessed by the MRC muscle scale on the day of planned extubation and extubation failure within 48 h following planned extubation among patients in a medical ICU with a protocol-based weaning programme. The results of our cohort study reveal that weakness in four limbs was associated with increased extubation failure rates (even adjusting for potentially confounding factors). In addition, we found that a 10-point motor score could be a useful cut-off point to simply and effectively assess the risk of extubation failure. This association was also observed in reintubation within 48 h or 7 days after planned extubation. ICU-AW, which can affect both peripheral and respiratory muscles, 14 may be associated with having weak cough strength, reflecting a patient's inability to protect his or her airway. Only one study has reported a higher risk of reintubation in patients with critical illness polyneuropathy (41% vs 13%). However, in that study, polyneuropathy was diagnosed using EMG without assessment through a clinical score such as MRC. 19 More recently, muscle weakness assessed by MRC was not associated with higher reintubation rates in univariate analysis in which the time interval to reintubation after planned extubation was long (up to 7 days) 26 or the reintubation rate was not the primary end point. 17 In our study, however, limb muscle weakness assessed by the MRC scale was independently associated with increased extubation failure and reintubation rates following planned extubation in ICU patients. This finding suggests that peripheral muscle strength might be associated with a patient's ability to clear secretions after extubation.
There are many methods of assessing respiratory and limb muscles, including MMT using MRC scores, cough peak expiratory flow (CPEF) and diaphragmatic ultrasound. Evaluation of cough strength using CPEF is a non-invasive and easily reproducible assessment, which can predict extubation failure. [27] [28] [29] [30] [31] [32] Despite this potential, there are some practical limitations to measuring CPEF due to the required spirometer and special connector. 33 The measurement of diaphragm excursion and thickening fraction via ultrasound is also widely used to predict extubation failure and is reported to have high predictive accuracy. [34] [35] [36] [37] [38] However, diaphragmatic ultrasound may have some limitations such as low inter-observer agreement and a long learning curve. MMT using MRC scores is a widely accepted diagnostic method for the assessment of limb weakness due to the ease of administration of MMT, which requires minimal expertise, has direct functional significance and has low costs. 21, 22 Nevertheless, there are some limitations with MMT. First, there are many reports on slightly different methods of MMT using MRC scores. The diagnostic cut-off point of MRC scores and tested muscle groups to diagnose the ICU-AW has been variously evaluated as less than 48 points of a total of 60 points (in three muscle groups of four limbs), 4 points less than in muscles tested and in all muscle groups (extremities or not). 12, [39] [40] [41] [42] [43] Second, MMT exhibits inter-observer variation according to patient cooperation. A study of MMT by two experienced physiotherapists showed only moderate inter-observer agreement. 44 When the sample of study participants was restricted to cooperative patients, however, interobserver agreement was high. 45 One of the limitations of our study was that MMT was evaluated on the day of extubation with a protocol-based weaning programme. As adequate mentation is one of the daily assessments for SBTs in our protocol-based weaning programme, assessment with MMT herein may not have high inter-observer variation on the day of planned extubation.
There are several other limitations of our study. First, because it was conducted as a retrospective cohort study in a single centre, there is always the possibility of selection bias influencing the significance of our findings. However, the data, including the MRC scale, were prospectively collected from all patients consecutively admitted to the medical ICU with MV support for more than 24 h. The patients were screened daily for weaning readiness according to a protocol-based weaning programme. 7, 8 Thus, our cohort is more likely to reflect the patients encountered in routine ICU practice, and our findings could therefore be readily applicable in similar settings. Second, the present study was conducted at a single institution with a protocolbased weaning programme. Accordingly, our findings may have limited generalizability. Third, we performed MMT using only one major muscle group rather than three muscle groups of all four limbs due to limitations that challenge the performance in daily practice. This modification of MMT has not been validated to assess fully volitional muscle strength in critically ill patients. However, our modified MMT enabled assessment of all patients, including those with delirium. Moreover, the objective of our study was to evaluate the association of muscle weakness of one major muscle group of four limbs assessed in daily practice with extubation failure and reintubation, not to evaluate the diagnostic performance of our modified MMT to assess ICU-AW. Therefore, our results cannot be compared to previous data on the assessment of limb muscle strength in critically ill patients. Fourth, we had no objective measure on cough strength, which has been shown to be one of the stronger predictors of extubation failure. 28 In addition, patients with ICU-AW more frequently have ineffective cough than patients without muscle weakness. 26 Therefore, the association between muscle weakness and Motor score was calculated based on the sum of the MRC scores of both of the elbows and knees of patients. In theory, possible MRC scores range from 0 through 20 points.
† The following variables were adjusted for analysis of associations between limb motor power and extubation failure within 48 h after planned extubation: gender, malignant, respiratory, gastrointestinal and genitourinary disease as comorbidities; interval between hospital admission and ICU admission; pneumonia and pulmonary oedema as causes of respiratory failure; interval between hospital admission and intubation; interval between intubation and extubation, positive fluid balance and positive CAM-ICU at the day of extubation; heart rate, respiratory rate, PaO 2 /FiO 2 and RSBI at the beginning of the final SBT; and heart rate, respiratory rate, arterial pH, PaCO 2 and PaO 2 /FiO 2 ratio at the end of the final SBT.
‡ The following variables were adjusted for analysis of associations between limb motor power and reintubation within 48 h after planned extubation: gender, gastrointestinal and genitourinary disease as comorbidities; interval between hospital admission and ICU admission, pneumonia; pulmonary oedema, coma and others as causes of respiratory failure; SAPS III at ICU admission; interval between hospital admission and intubation; positive CAM-ICU at the day of extubation; heart rate, respiratory rate, NIP, RASS and RSBI at the beginning of the final SBT; and heart rate, respiratory rate and PaO 2 /FiO 2 ratio at the end of the final SBT.
§ The following variables were adjusted for analysis of associations between limb motor power and reintubation within 7 days after planned extubation: malignant, gastrointestinal, genitourinary and cardiovascular disease as comorbidities; interval between hospital admission and ICU admission; pneumonia and pulmonary oedema as causes of respiratory failure; SAPS III at ICU admission; interval between hospital admission and intubation; interval between intubation and the first SBT; interval between intubation and extubation; SOFA score, serum albumin and positive CAM-ICU at the day of extubation; heart rate, respiratory rate, PaO 2 /FiO 2 and RSBI at the beginning of the final SBT; and heart rate, respiratory rate, arterial pH and PaO 2 /FiO 2 ratio at the end of the final SBT.
CAM-ICU, confusion assessment method for the intensive care unit; ICU, intensive care unit; FiO 2 , inspired fraction of oxygen; NIP, negative inspiratory pressure; PaCO 2 , arterial carbon dioxide tension; PaO 2 , arterial oxygen tension; RASS, Richmond agitationsedation scale; RSBI, rapid shallow breathing index; SAPS, simplified acute physiology score; SBT, spontaneous breathing trial; SOFA, sequential organ failure assessment. extubation failure may have been overestimated in our cohort. Finally, we have not assessed ICU-AW in depth and have no data on NCS, EMG or diaphragm physiology. This may have diluted the main findings of the present study.
In summary, limb muscle weakness, as assessed by the MRC scale on the day of planned extubation, was found to be independently associated with higher extubation failure within 48 h following planned extubation among patients in a medical ICU with a protocol-based weaning programme. In addition, limb muscle weakness was significantly associated with reintubation rate within 48 h or 7 days following planned extubation.
